Introduction
Intracranial aneurysms carry a risk of hemorrhage related to their size, with larger aneurysms at higher risk for rupture. Treatment is focused on isolating the aneurysm from the intracranial circulation through surgical clipping, endovascular coiling, or use of flowdiverting stents. With the emergence of new technologies to study hemodynamic changes in vessels after aneurysm rupture, 1 the hemodynamics of vessels proximal and distal to aneurysms can be better understood. Ipsilateral parenchymal hemorrhage distal to the aneurysm has been documented after surgical clipping and use of flow-diverting stents with larger aneurysms postulated to be at higher risk of hemorrhage than smaller ones. 2 Postsurgical hemorrhage has been associated with hyperperfusion distal to the aneurysm undergoing clipping 3 or flow diversion. 2, 4 It is postulated that there is a Windkessel effect in large aneurysms, 2 where the aneurysm acts as a reservoir for blood in systole and releases it in diastole. In this study, digital subtraction angiography (DSA) images were evaluated in patients with intracranial aneurysms proximal to the internal carotid artery (ICA) terminus, and custom software was used to study the density of contrast over time. We hypothesize there is a significant correlation between DSA contrast intensity over time and aneurysm size, supporting the presence of a Windkessel effect in intracranial aneurysms.
Materials and methods

Patient selection
A consecutive review of all patients with intracranial aneurysms admitted to a tertiary academic neurosurgery service between 2008 and 2015 was performed in a retrospective manner. Patients were included if they had an unruptured, anterior circulation aneurysm proximal to the ICA terminus and had a complete set of angiography images in Digital Imaging and Communications in Medicine (DICOM) format. Patients with distal anterior circulation aneurysms, posterior circulation, multiple or ruptured aneurysms were excluded.
Approval for this study was obtained by the institutional review board of the University of Illinois at Chicago. As data collection involved no risk to participants and patient identifiers were not used, a waiver for consent was granted.
Image acquisition
Transfemoral angiography was performed. Using a diagnostic catheter positioned in the cervical ICA, a total of 12 ml of the iodine-based contrast agent iohexol (300 mg/ml) (Omnipaque, GE Healthcare) was injected using a power-contrast injector (Medrad, Bayer HealthCare) over two seconds. Contrast injection was synchronized to DSA image acquisition, with a 1.2second delay. DSA images were acquired at a rate of four frames/second in anterior-posterior, lateral, and oblique transorbital projections using a biplane neuroangiography suite (Artis zee, Siemens Medical Solutions). DSA images were stored in the hospital Picture Archiving and Communicating System (PACS) as well as a separate DVD in DICOM format.
Contrast intensity analysis
A detailed description of the analysis of contrast intensity over time was described previously. 1 Archived DICOM images were analyzed using custom software code (MATLAB, MathWorks, Natick, MA) to interpret relative changes in blood flow. Individual DSA runs were analyzed for contrast image intensity (maximum gray intensity) throughout the angiogram cycle. Analysis was performed over a single region of interest (ROI) at the center of the middle cerebral artery (MCA) M1 segment ipsilateral to the side of the aneurysm. Contrast intensity measurements are displayed in Figure 1 . Measurements included time to peak (TP) 10%-100% (time needed for the contrast to change from 10% image intensity to 100%), washout time (WT) 100%-10% (time needed for the contrast to change from 100% image intensity to 10%), and quartile time (QT) 25%-25% (time needed for the contrast to change from 25% image intensity during vessel filling to 25% intensity during vessel emptying). QT 25%-25% was used as a time measurement to avoid injector contrast artifact mixing at the beginning in the DSA cycle and venous or capillary overlap at the end. Example contrast intensity measurements are illustrated in Figure 2 . Contrast intensity times were then collected from the MCA segment contralateral to the aneurysm to provide an internal control.
Statistical analysis
TP 10%-100% , WT 100%-10% and QT 25%-25% were analyzed over the M1 segment ROI. Pearson's correlation coefficient was used to assess for a statistical relationship between aneurysm size and contrast intensity 
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Results
A total of 50 patients met inclusion and exclusion criteria. Forty-two patients (84%) were female, with a mean age of 57.4 years (range 29-88; SD ¼ 14.7). Aneurysm diameter ranged from 2 mm to 40 mm, with mean of 12 mm. Forty-two patients (84%) presented with headaches that led to the discovery of the incidental, unruptured aneurysm, while eight patients (16%) presented with cranial nerve palsies related to aneurysm mass effect. Analysis of contrast intensity times over the ipsilateral M1 segment showed a significant increase in the QT 25%-25% (8.5 vs 7.6 seconds; p ¼ 0.006) compared to the contralateral side, and a nonsignificant difference for TP 10%-100% (3.1 vs 3.0 seconds; p ¼ 0.29). A significant correlation was observed between TP 10%-100% (r ¼ 0.37, p ¼ 0.007) and QT 25%-25% (r ¼ 0.43, p ¼ 0.001) and aneurysm size (Figure 3 ), indicating slower contrast times in larger aneurysms reproducible in two different phase time measurements. When evaluating contrast intensity times as a function of patient age, there was a significant correlation between age and WT 100%-10% (r ¼ 0.4, p ¼ 0.004). No correlation was observed between contrast intensity time on either side with respect to cardiovascular risk factors including smoking history, hypertension, hyperlipidemia, diabetes, or heart failure.
Discussion
Surgical and endovascular interventions alter the flow dynamics within aneurysms and their parent vessels. While there has been a body of literature in predicting flow changes post-treatment of intracranial aneurysms, most studies have concentrated on the hemodynamic changes only within the aneurysm itself. [5] [6] [7] Flow within the parent vessel and distal arterial tree before and after aneurysm treatment are much less understood, and have the potential to guide aneurysm treatment and postoperative care. The Windkessel model was first described by German physiologist Otto Frank at the end of the 19th century. 8 The Windkessel effect describes the heart and systemic arterial system as a system similar to a hydraulic circuit connected to a chamber with a pocket of air. As water is pumped into the chamber, the water compresses the air in the pocket, which then applies force to push water back out of the chamber. The compressed air simulates elasticity of major arteries, also known as arterial compliance. Pressure pulsations are reduced in the arterial tree by the elasticity of vessels. This elastic recoil of the arteries further aids perfusion during diastole. This study demonstrates a prolonged contrast intensity times on DSA in larger aneurysms. This may be explained by the Windkessel effect, where the aneurysm acts as a reservoir in systole and releases blood in diastole, damping the pulse pressure and lowering the pulsatility index of the distal vessel. This phenomenon is theoretically expected to change after aneurysm treatment, subjecting the distal intracranial circulation to higher systolic velocities and may contribute to delayed parenchymal hemorrhage, a complication seen in aneurysms treated with flowdiverting stents. 2, 9, 10 The higher incidence of distal hemorrhage in patients treated with giant intracranial aneurysms may support this mechanism. 11 Contrast intensity times in this study suggest the presence of a Windkessel effect in larger aneurysms, a hypothesis recently proposed by Chie and Wenderoth. 4 The deployment of a flow-diverting stent risks the sudden loss of capacitance in giant aneurysms, resulting in distal cerebral hyperperfusion. The incidence of delayed parenchymal hemorrhage seen both in patients undergoing stent-assisted coiling 12 and surgical clipping 3 suggest that rapid removal of the Windkessel effect may be a possible source of distal hemorrhage.
DSA contrast intensity times prior to aneurysm treatment are very relevant to any simulation of computational fluid dynamics, since results after intervention depend on baseline flow within the parent vessel and vary, and as demonstrated in this study, as a function of aneurysm size. Currently, most fluid dynamic simulations use a fixed input function test, rather than patient-specific data for generation of the hemodynamic maps. 6, [13] [14] [15] The time-density relationship has been evaluated in patients with aneurysmal subarachnoid hemorrhage, where prolonged contrast intensity times have been associated with worse Hunt & Hess grades. 1 This is hypothesized to be a function of impaired microcirculation in higher-grade subarachnoid hemorrhage patients. This study further suggests there is a relationship between contrast intensity time and age, with slower times in older patients. This may be explained by decreased baseline cerebral blood flow with age. 16 In this cohort, cardiovascular risk factors, including smoking and hypertension, were not significantly related to contrast intensity times, removing potential confounders beyond aneurysm size.
Limitations to this study include its retrospective nature, a relatively small sample size, and single institution design. There is also potential technical error as contrast intensity times are calculated automatically by software and artifacts due to contrast turbulence or superimposed venous or capillary drainage have the potential to incorrectly trigger the beginning or end of time measurements. This was the impetus to measure quartile time (QT 25%-25% ), which minimizes injector contrast artifact mixing at the beginning in the DSA cycle and venous or capillary overlap at the end.
As not all patients underwent aneurysm treatment, only baseline angiographic images were reviewed, with the contralateral MCA used as an internal control. While a limitation to this study, as additional patients undergo treatment with flow diverters, aneurysm treatment, and loss of the Windkessel effect, can be explored further.
Summary
This study demonstrates a statistically significant difference in intracranial contrast intensity times as a function of proximal aneurysm size. A potential mechanism for this finding may be the Windkessel effect, where the aneurysm acts as a reservoir of blood in systole and releases it in diastole. This may be of significance for large aneurysms after treatment, and warrants further study. Relationship between aneurysm size and contrast intensity time differences. TP 10%-100% and QT 25%-25% measurements on the side ipsilateral to the aneurysm were compared to the contralateral side. As aneurysm size increases, there is a significant increase in contrast time on DSA for TP 10%-100% (r ¼ 0.37, p ¼ 0.007) and QT 25%-25% (r ¼ 0.43, p ¼ 0.001). TP: time to peak; QT: quartile time. DSA: digital subtraction angiography.
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